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I. Abstract
Previous research investigating the speleogenesis of iron-ore caves (IOC) in the
Quadrilátero Ferrífero, or “Iron Quadrangle,” of Brazil suggests that microbial iron
reduction and subsequent dissolution of the surrounding Fe(III) rich rocks is responsible
for cave formation. A soft intra-wall substance (sub muros) containing iron-reducing
bacteria (FeRB) was discovered underneath the durable crusts of cave walls. The goal of
the study was to determine if reduction rates were comparable between sub muros
samples, while additionally observing how different electron donors affect microbial iron
reduction. To do this, I compared Fe(III) reduction rates between sub muros samples
collected from two different caves, and additionally between three electron donors for
bacterial growth: succinate, lactate and fructose. Batch incubations were conducted and
Fe(II) production was monitored over 68 days. The obtained data suggest differences in
reduction rates between sub muros samples, although this could be a result of differences
in FeRB population or abundance. Use of different electron donors demonstrated various
effects on iron reduction and dissolution, where higher rates of both were observed in the
fructose-amended group. Further analysis is needed to determine the reason behind
differing reduction rates, specifically monitoring of microbial communities present in the
incubations over time.

II. Introduction
A majority of caves around the world form by karst-processes, which involve weathering
and dissolution of limestone or other carbonate rock, leaving large voids underground
(Dreybrodt et al., 2005). Rainwater absorbs carbon dioxide from the atmosphere and
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turns into a weak acid as it percolates through the soil, eventually dissolving the
surrounding carbonate rock as it moves through pore spaces (Dreybrodt et al., 2005).
The “Iron Quadrangle” contains abundant karst-like features, including over 3,000 caves
(Parker et al., 2013). However, the regions geology is not composed of carbonates, but
of banded-iron-formations (BIFs), iron ore, and an extremely weathering resistant iron
phase called canga (Parker et al., 2013). The speleogenesis of these caves is an anomaly
due to the poor solubility and weather resistant nature of the surrounding rock (Parker et
al., 2013).

BIFs are chemically precipitated sedimentary deposits generally over 1.8 billion years in
age (Klein, 2005). They are composed of alternating layers of Fe(III) (hydr)oxides and
chert, or other non-iron phases, and occur on all continents (Klein, 2005). Canga is a
highly impermeable surficial breccia of weathered BIF and iron-ore clasts that are
cemented by secondary Fe(III) (hydr)oxides (Parker et al., 2013). Despite extremely low
chemical weathering and erosion rates of BIF and canga, high levels of dissolved iron are
present in the flowing waters and pools of the caves (Parker et al., 2013). However, there
are clues that suggest a biologic mechanism for iron solubilization via transfer of electrons
to Fe(III) phases (Parker et al., 2013).

Iron exists primarily in two oxidation states: ferric iron (Fe3+) which is insoluble, and
ferrous iron (Fe2+) which is soluble. There are microorganisms in the environment with
the ability to respire ferric iron, using Fe(III) (hydr)oxide minerals as a terminal electron
acceptor, thus reducing those to soluble Fe(II) (Weber et al., 2005). Equation 1
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demonstrates microbial Fe(III) reduction of amorphous ferrihydrite to magnetite, and
oxidation of acetate by Geobacter metallireducens (Erbs and Spain, 2002).
24Fe(OH)3 + CH3COO- Þ 8Fe3O4 + 2HCO3- + H+ + 36H2O (Eq. 1)

Many FeRB are strict anaerobes and cannot grow in the presence of oxygen (Parker et
al., in preparation). The high levels of organic carbon observed in cave waters in the
Quadrilátero Ferrífero region may act as an electron donor for FeRB, providing energy
necessary for Fe(III) reduction (Parker et al., 2013).
Examination of the cave walls revealed a paste-like material referred to as “sub muros”.
This soft, intra-wall substance is indicative of reductive dissolution of Fe(III) phases
occurring in the surrounding rock (Parker et al., in preparation). This leads us to the
current sub muros hypothesis: microbial reductive dissolution along permeable zones
within cave walls (sub muros) leads to BIF dissolution and the eventual formation of ironore caves (Parker et al., in preparation). The species of bacteria present in sub muros is
currently unknown, however, microbial iron reduction has been observed in previous
samples from the Quadrilátero Ferrífero caves (Parker et al., 2013). The current question
is whether this biological activity is sufficient to explain the rate and extent of IOC
formation.
In this study, I have investigated whether the rate of Fe(III) reduction is comparable
between sub muros samples from the two caves. Most of the work in our lab has focused
on the sub muros from a single cave. If comparable, previously observed rates of
reduction by the bacteria within sub muros samples used in a majority of our experiments
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can be more broadly applied to the region. Additionally, I have observed how different
electron donors (succinate, lactate and fructose) affect the rates of Fe(III) reduction. To
determine rates of microbiological activities, batch incubations were conducted using sub
muros, canga, synthetic pore water (SPW) and added electron donors. The goal was to
monitor iron reduction rates of sub muros from two different caves using 3 different
electron donors, with donor free and uninoculated controls.

III. Materials and Methods
Batch incubations were set up using 32 serum bottles containing canga, sub muros from
two different caves (numbered 0107 and 0009), synthetic pore water (SPW), and different
electron donors (Figure 1). Grab samples of canga were collected and stored at room
temperature until use. Sub muros was collected with a flame-sterilized hand-shovel and
placed in sterile mason jars for transport and stored at 4°C until use.

Figure 1. Batch incubations containing canga, sub muros, SPW and electron donors.
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Canga (Figure 2), our Fe(III) source and terminal electron acceptor for FeRB, was ground
into a fine powder using a ball-mill. 20 grams were added to each serum bottle and
sterilized by autoclaving. Next added
were 5 grams of sub muros (Figure 3)
and 50 mL of SPW. SPW is made to
mimic the water that flows through the
cave walls and was made using milliQ water with 0.1 mM potassium
phosphate monobasic, 5 mM sodium
chloride and 5 mM of one of 3 electron
donors: succinate, lactate, fructose
and a donor-free control. SPW pH was
Figure 2. Canga prior to ball-milling

adjusted

to

6.8

using

HCl

and

sterilized by autoclaving. The sub muros 0107 and 0009 samples were added to the
different pore waters to create a slurry and pipetted into serum bottles. Once filled, the
bottles were capped, vacuumed, and flushed with N2 gas to create an anoxic environment.
A description of the 32 incubations is shown in Table 1. The live incubations were done
in triplicate, while the uninoculated controls were in duplicate.
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Table 1. Description of serum bottles in batch incubations.
Serum Bottle

Electron Donor

Submuros

1-3
4-6
7-8
9-11
12-14
15-16
17-19
20-22
23-24
25-27
28-30
31-32

Succinate
Succinate
Succinate
Lactate
Lactate
Lactate
Fructose
Fructose
Fructose
None
None
None

0107
0009
None
0107
0009
None
0107
0009
None
0107
0009
None

Figure 3. Two jars of sub muros 0107 samples taken
from Brazil in 2018.

Starting on day 0, samples were collected from each serum bottle using a 1 mL syringe
and sterile needle. Samples were collected in a glove-bag to prevent chemical oxidation
of Fe(II) during sample processing. Each sample was used to measure aqueous and total
Fe(II) concentration in the incubations over time. To measure aqueous Fe2+, 200 μL were
removed from each serum bottle and put into a centrifuge tube. These were then
centrifuged for 5 minutes at 13.4 rpm. Using a pipette, 100 μL of the supernatant was
drawn from each tube and added to 400 μL 0.5 M HCl diluting the sample 1:5.

To measure total Fe2+ concentration, an additional 100 μL were removed from each
serum bottle and put into a centrifuge tube containing 400 μL 0.5 M HCl, diluting the
sample 1:5. Samples were then incubated overnight. The following day, these samples
were centrifuged (for 5 minutes at 13.4 rpm), and 400 μL of supernatant was drawn from
each tube to be analyzed.
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For both the soluble and total iron samples, a ferrozine assay (Stokey, 1970) was
performed to determine iron concentrations. A spectrometer was used to measure the
absorbance of each sample at 562 nm. Some samples were diluted further for more
accurate readings. The absorbance values were then applied to a standard curve to
determine iron concentration.

Samples were collected every 3-4 days for the first 4 weeks of the experiment, and every
5-8 days after that. Iron concentration measured over time was used to determine the
rates and extent of Fe2+ production by FeRB.

IV. Results
In determining the extent of microbial reduction of Fe(III) to Fe(II), concentrations of both
aqueous (dissolved) Fe(II) and total Fe(II) in each bottle were measured over time
(Figures 4, 5). Aqueous Fe(II) concentrations are lower than total Fe(II) concentrations
because they account only for what is dissolved in solution, while total Fe(II) includes
dissolved and adsorbed Fe(II).

Aside from the incubations containing fructose as an electron donor, aqueous Fe(II)
concentrations remained low (Figure 4). Little change was seen in aqueous Fe(II)
concentrations in both live and uninoculated incubations for the succinate, lactate and
donor-free groups, indicating that most Fe(II) resulting from Fe(III) reduction is likely to
adsorb to remaining Fe(III) phases. Aqueous Fe(II) concentrations of fructose-amended
incubations are shown in Figure 4, graph C. An increase in aqueous iron concentrations
were observed in live and uninoculated controls. However, live incubations demonstrated
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a larger increase than the controls. Compared to other donor groups, dissolved Fe(II)
concentrations in the fructose-amended incubations are higher, demonstrating a higher
rate of ferrous iron dissolution. Composition of microbial communities is often influenced
by different electron donors (Kwon et al., 2016), which can be accounted for by
environmental conditions (Kwon, et al., 2016). Such differences between the sub muros
communities could account for the higher rates of ferrous iron dissolution observed in the
fructose-amended group.

In the electron donor-free controls, dissolved iron concentrations remained similar
between the two sub muros groups and sterile controls; slightly higher concentrations of
aqueous Fe(II) are observed with sub muros from cave 0009, although error bars are
large (Figure 4, Graph D). Cave 0009 sub muros had a slightly higher concentration of
dissolved iron than did 0107 at the start of the experiment in every donor group, but the
FeRB present caused no further Fe(II) dissolution (Figure 4).

Total Fe(II) concentrations demonstrate the extent of microbial Fe(II) production. As
compared to donor-amended, the electron donor-free control group demonstrates
significantly lower Fe(II) concentrations throughout the experiment. However, live,
electron donor-free incubations from both caves show higher Fe(II) concentrations than
the uninoculated controls, indicating that FeRB were reducing iron in the donor-free
controls, but at a low rate. This demonstrates that Fe(III) can be reduced by FeRB to a
certain extent using an electron donor already present in the sub muros.
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Interestingly, rates of Fe(II) production are higher in cave 0107 sub muros as compared
to 0009 across all donor groups. Fe(II) concentrations in incubations containing sub
muros from cave 0009 remained low compared to those containing cave 0107 sub muros.
When compared to the uninoculated controls, concentrations are higher in cave 0009 sub
muros in all but the fructose group (Figure 5, Graphs A, B, D). However, cave 0009 sub
muros demonstrates higher concentrations from day 0, and no significant increase is
observed in any donor group between day 0 and day 68 relative to the controls. Therefore,
Fe(II) production is negligible in incubations containing cave 0009 sub muros.

In incubations with succinate and lactate, the uninoculated controls show no significant
ferrous iron production, remaining near 0 mM throughout the experiment. Cave 0107 and
0009 submuros demonstrate higher Fe(II) concentrations as compared to their sterile
counterparts, indicating that the observed Fe(III) reduction is microbially mediated and
not an abiotic process. In the fructose group, Fe(II) concentrations of the uninoculated
controls begin high, around 5mM, as compared to 1-2 mM in the live incubations.
However, no significant increase in concentration was observed throughout the
experiment. The high Fe(II) concentrations in the sterile controls on day 0 could be due
solubilization of some Fe during autoclaving.

Varying rates of iron reduction are observed in cave 0107 sub muros among electron
donors. The succinate and lactate amended incubations demonstrate a similar pattern:
total ferrous iron concentrations increase slowly until peaking between days 40 and 50,
and steadily decrease thereafter (Figure 5, Graphs A, B). The fructose-amended group
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demonstrates a different pattern, with total ferrous iron concentrations increasing at a
near-constant rate over 68 days (Figure 5, Graph C). Differences among donor-groups
could be attributed to varying donor function under these specific environmental
conditions, or to the microbial communities which they support (Petrie et al., 2003).
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Figure 4. Soluble (aqueous) Fe2+ concentrations measured over 68 days. Graphs A, B, C and D represent different electron donors,
while colored data series represent sub muros samples and uninoculated controls. Error bars represent standard deviation.
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B. Lactate Total Fe(II)
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Figure 5. Total Fe2+ concentrations measured over 68 days. Graphs A, B, C and D represent different electron donors, while
colored data series represent sub muros samples and uninoculated controls. Error bars represent standard deviation.
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V. Discussion
A majority of IOC research in our lab has been conducted using sub muros from cave
0107. Compared to cave 0009 sub muros, the FeRB in cave 0107 sub muros are reducing
Fe(III) at a higher rate. The observed difference in reduction rates could be influenced by
the number and diversity of FeRB present in each sub muros sample at the beginning of
the experiment, or the rate at which they are reproducing. Further analysis is needed to
determine the abundance and diversity of microbial communities present in each sub
muros sample. If populations differ significantly, this could account for the observed
differences in Fe(III) reduction rates. In conducting future research, it is important to
account for potential differences in reduction rates across the region. With data from a
greater number of caves, current research can be applied more broadly to the area to
further our understanding of IOC formation.

Differences in iron reduction and dissolution rates were observed among the 3 electron
donors, with fructose-amended groups demonstrating both higher reduction and
dissolution rates than succinate and lactate-amended groups. This could be due to the
effect electron donors can have on environmental conditions such as pH. Further analysis
could involve monitoring of pH in each bottle over time. Electron donors can also have a
strong effect on rate and extent of reduction, changes in microbial community and
resulting mineralogy of Fe-bearing minerals (Kwon, et. al., 2016). Additional monitoring
of mineralogical and microbial community changes could provide an explanation for the
observed differences in reduction and dissolution rates among electron donors.
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